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ABSTRACT

Numerical Simulation o f Thermal Comfort and Contaminant Transport in Rooms with
UFAD System
By
Rama Haritha Bandarupalli
Dr. Yitung Chen, Examination Committee Chair
Associate Professor, Department o f Mechanical Engineering
University o f Nevada, Las Vegas

This thesis deals with the numerical simulation of the thermal comfort and
contaminant transport o f an under floor air distribution (UFAD) system. Within the last
few years, UFAD systems have become popular design alternative to conventional
distribution (CAD) such as overhead distribution systems for thermal and ventilation
control. Recent advances in computational fluid dynamics (CFD) and computer power
make it possible to accurately predict some features o f airflow within ventilated spaces.
The CFD method has been successfully applied for airflow analysis in relatively
complicated conditions, such as non-isothermal, three-dimensional and with furniture
inside the room. The goal o f this research project is to analyze the thermal comfort of
UFAD systems and help to reduce the design cycle through the development of
mathematical and computational models.

Ill
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In this project, the thermal comfort o f occupants in 2D and 3D steady-state model o f a
room has been analyzed. The flow characteristics such as velocity, temperature, relative
humidity and species concentration for both the models have been calculated and studied.
Initially, the computational mesh for both 2D and 3D models have been generated using
GAMBIT and the general purpose CFD code FLU EN T® 6.2 has been used as a
numerical solver for the present 2D and 3D simulation. The pre-processing and post
processing have been done using FLUENT. A non-staggered grid storage scheme is
adopted to define the discrete control volumes. The solver used is a segregated solver
which is a solution algorithm with which the governing equations are solved sequentially.
The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm is used to
resolve the coupling between pressure and velocity. An implicit technique is used to
linearize the discrete and non-linear governing equations. The discretization method used
by the FLUENT® is finite volume method (FVM) in which the space is divided into a
finite number o f control volumes and solves the partial differential equations.
From the numerical study o f the 2D office cubicle setting, results show that the
relative humidity, temperature, velocity and species concentration profiles have good
agreement with the ASHRAE standards. The UFAD system o f BTLab and living room,
is numerically studied and it can be observed that the flow is well mixed and distributed
uniformly due to the swirl diffusers. The flow contours such as velocity, temperature,
relative humidity and species concentration have been analyzed and parameters such as
PMV (Predicted Mean Vote) and CRE (Contaminant Removal Effectiveness) have been
calculated and are found to be in the comfort zone on the thermal sensation scale. This
shows that the obtained results from the numerical study are reasonable.

IV
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CHAPTER 1

INTRODUCTION
1.1

Background
The origin o f heating, ventilating and air-eonditioning (HVAC) systems ean be traeed

back to the beginning of the last century. In the year o f 1902, W.H. Carrier first
developed a system for humidity control [1]. Since then, HVAC has become one o f the
most important building systems widely used to provide thermal comfort and maintain
good indoor air quality (lAQ) other than heating, ventilating and air-conditioning.
According to American Society o f Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) Standard 55, human thermal comfort is that condition o f mind that
which expresses satisfaction with the thermal environment. In terms o f body sensations,
thermal comfort is a sensation o f hot, warm, slightly warmer, neutral, slightly cooler, cool
and cold. To design high energy efficiency with human comfort HVAC systems, it is
necessary to gather the detailed information about the behaviors o f the airflow in both the
spaces and rooms o f the building.
Originally introduced in the 1950s in spaces having high heat loads (e.g., computer
rooms, control centers, and laboratories), and subsequently introduced in office buildings
in the 1970s, under floor air distribution systems (UFAD) have achieved considerable
acceptance

in

Europe,

South

Africa

for

more

than

a

decade.
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However,

growth in North America has been relatively slow up until the last few years. As with any
new and unfamiliar technology, resistance to wider use is driven by the perceived higher
risk to designers and building owners, a lack o f available information in the form o f
standardized design guidelines, and in the case o f under floor air, the perceived higher
first costs o f raised flooring [2].
In this project, a computational fluid dynamics analysis technique has been employed
to simulate UFAD system for thermal eomfort. The advantages o f the 3-D CFD analysis
and design are it allows specific entry details o f a room that have relevant airflow,
numerical results can produce better, faster, and more economically useful information
for the development o f high energy efficiency UFAD systems and the design cycle can
also be reduced drastieally.

1.2

Under Floor Air Distribution System
Within the last few years, under floor air distribution (UFAD) systems have become

popular design alternative to conventional air distribution (CAD) such as overhead
distribution systems for thermal and ventilation control. The UFAD strategy was first
introduced at the beginning o f the 1960s in the Federal Republic o f Germany in rooms
with large heat production. UFAD is a method o f delivering space conditioning in offices
and other commercial buildings that is increasingly being considered as a serious
alternative to conventional ceiling-based air distribution systems because o f the
significant benefits that it can provide.
For purposes o f introducing the concept o f an UFAD system, it is instructive to
identify how these systems differ from conventional ceiling-based air distribution

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

systems. Figures 1 and 2 show schematic diagrams o f an overhead system and an UFAD
system, respectively, for a cooling application in an open-plan office building. Some of
the most important advantages o f UFAD systems over ceiling-based systems occur for
cooling conditions, which are required year-round in the vast majority o f interior office
space in many parts o f the United States.
Historically, the approach to HVAC design in commercial buildings is to supply
conditioned air through extensive duct networks to an array o f diffusers spaced evenly in
the ceiling. As shown in Figure 1, conditioned air is both supplied and returned at ceiling
level. Ceiling plenums are typically quite large to accommodate the large supply ducts
that must fit through them. Return air is most commonly configured as an un-ducted
ceiling plenum return. Often referred to as mixing-type air distribution, conventional
HVAC systems are designed to promote complete mixing o f supply air with room air,
thereby maintaining the entire volume o f air in the space (floor-to-ceiling) at the desired
set point temperature and ensuring that an adequate supply o f fresh outside air is
delivered to the building occupants. This control strategy provides no opportunity to
accommodate different thermal preferences among the building occupants or to provide
preferential ventilation in the occupied zone [2].
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Figure 1. Conventional overhead air distribution system [2]

The UFAD systems can have significant impact on room air stratification and thermal
comfort in occupied zone. UFAD systems have several potential advantages over
traditional overhead systems, including improved thermal comfort, improved indoor air
quality, and reduced energy use. UFAD systems, in contrast to CAD systems, delivers
cool air at high supply velocities from diffusers on the floor rather than from overhead
vents. This technology uses the open space (under floor plenum) between the structural
concrete slab and the underside o f a raised access floor system to deliver conditioned air
directly into the occupied zone o f the building. Air can be delivered through a variety of
supply outlets located at floor level (most common), or as part o f the furniture and
partitions.
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Figure 2. Under floor air distribution (UFAD) system [3]

In UFAD systems, the air is supplied from floor diffusers (outlets) in the form o f high
turbulent air jets. The return air was withdrawn at the ceiling level. This produces an
overall floor-to-ceiling air flow pattern and takes advantage o f the natural buoyancy
produced by heat sources in the building and more efficiently removes heat loads and
contaminants from the space [4]. UFAD system space is divided into two zones, an
occupied zone extending from the floor to head level, and an unoccupied zone extending
from the top o f the occupied zone to the ceiling. UFAD systems fall into two general
categories in which the first type is a displacement ventilation system and the second type
is hybrid under floor systems which are distinguishable from one another by the
temperature and velocity profiles they create in the occupied space.
In displacement ventilation systems air is delivered at floor level into the space at
very low velocity, typically less than 50 feet per minute (fpm) or 0.254 meter per second.
At this velocity, the air coming out o f the diffuser can barely be felt. The system produces
two distinct zones o f air, one characterized by stratified layers o f relatively cool and fresh
air, the other by fairly uniform hot and stale air [5]. The vertical flow profile in the lower
zone can be generally described as upward laminar flow which is to displace the hot stale
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air into an area well above the breathing level o f the occupants, giving occupants the
benefit o f breathing significantly higher-quality air. Figure 3 shows the displacement air
flow in which the air is delivered from the floor in upward direction. The thermal plume
created by a heat source has the effect o f enhancing the airflow around the source,
thereby improving overall heat removal.

Figure 3. Displacement ventilation airflow [6]

The second general type o f UFAD system is the hybrid under floor system which can
be called a combination of displacement ventilation and conventional mixing systems.
Similar to the displacement ventilation system, even hybrid system attempts to condition
the lower part o f the space, producing two distinct zones of air, one cool and relatively
fresh, the other hot and stale. But the hybrid under floor system aims to reduce the
stratification in the occupied lower portion by delivering air at higher velocity (200 to
4 00 fpm) w hich is unlike the displacem ent ventilation system [7]. This results in a

smaller temperature gradient and a more mixed and turbulent vertical low profile. Hybrid
under floor systems can handle higher cooling loads than displacement ventilation
systems. While the hybrid under floor systems may more or less reduce the comfort
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problems associated with an excessive temperature gradient, they usually create small suh
zones o f excessive draft called “clear zones” that occupants need to avoid as shown in
Figure 4.

D isp laœ m en t Zone

Clear Zone

M ixing Zone

S upply Diffuser

Figure 4. Hybrid under floor air flow system [8].

The variable air volume system is one o f the two types o f air volume systems whieh
maintain thermal eomfort by varying the amount o f heated or cooled air delivered to each
space, rather than by changing the air temperature, where as the constant volume systems,
as their name suggests, generally deliver a constant airflow to each space [9]. CFD is a
computer-based mathematical modeling tool which is accepted as the numerical solution,
by computational methods, o f the governing equations, which describe fluid flow, the
Navier-Stokes equations, continuity and any additional conservation equations.
The main function o f any H VAC system in general is to maintain thermal comfort

and lAQ. According to ASHRAE standard 55, thermal comfort is that condition o f mind
that expresses satisfaction with the thermal environment. The fundamental information
concerning the flow comprises air velocity, temperature, relative humidity, and species
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concentrations whieh are important in assessing thermal comfort and indoor air quality.
One of the most frequently eited thermal eomfort models is the Fanger model. The
Fanger model is based on the steady-state energy balanee. This model was originally
developed to prediet thermal comfort in office like environments and has gained usage in
the HVAC industry beeause o f its simplicity. Since thermal comfort is not an absolute
condition but varies with eaeh individual, statistical measures o f thermal eomfort are
sometimes used. One statistieal measure is the predicted mean vote (PMV). PMV
predicts the mean response o f a large population on the ASHRAE thermal sensation scale
whieh ranges from -3 to +3. PMV ean be ealculated if information is known about the
metabolic rate, typieal elothing, and environmental conditions such as temperature and
humidity.
The increasing developments o f CFD in the recent years have opened the possibilities
o f low-cost yet effective method for improving HVAC method for improving HVAC
systems in design phase, with less experimentation required. Reeent advances in CFD
and eomputer power make it possible to aeeurately prediet the features o f airflow within
the room. CFD models have been used to study lAQ problems, pollutant distributions,
and performanee o f HVAC systems.

1.3 Objectives
The researeh objectives o f this project are;
•

To analyze the 2D model o f an offiee room by providing detailed and complete
information

regarding

the

velocity,

temperature,

relative

humidity,

eoneentration.
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species

•

To analyze the 3D model o f the BTLab loeated at UNLV with UFAD system for the
flow eharaeteristies such as velocity, temperature and relative humidity.

•

To study the thermal eomfort and the contaminant removal effectiveness o f a real
time 3D model (with a human model and furniture) by studying the contours of
velocity, temperature, relative humidity, speeies eoneentration and by determining the
contaminant removal effectiveness (CRE) and predieted mean vote (PMV).

1.4 Motivation
Over the past few decades HVAC systems have been applied widely to provide
thermal comfort and maintain good indoor air quality (lAQ). In this project, a 3D CFD
has been used to analyze the flow eharaeteristies o f an UFAD system. Good amount o f
researeh has been done on CFD analysis to study the air flow pattern within a room or
spaee. Most o f research work has been focused on eeiling air distribution system (CAD).
Very little work has been done on UFAD. Hence, this research has been done on UFAD
systems for thermal comfort and indoor air quality.

1.5 Literature Review
HVAC systems have been widely used today to provide thermal comfort and indoor
air quality. CFD analysis is mostly used to simulate HVAC systems like UFAD, CAD,
etc. Considerable amount o f research has been done on CFD analysis to analyze the
thermal eomfort and lAQ o f (offiee) rooms. Recent advances in CFD and computer
power make it possible to predict accurately some features o f airflow within ventilated
spaces. The CFD method has been successfully applied for airflow analysis in relatively
complicated conditions, such as non-isothermal, three-dimensional and with furniture

9
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inside the room. Tang and Zhan [10] applied three turbulent flow models ineluding
standard k-e model, RNG k-e model, and realizable k-e model to simulate the air flow in
a single room in this paper. It was seen that the numerical simulation results agree with
the experimental data. From the numerical results, it was seen that the CFD technique is
used to simulate the indoor airflow.
Samirah Abdul Rahman and K.S.Kannan [11] have done researeh on the air flow and
thermal eomfort simulation studies o f ventilated classrooms in Malaysia. Simulations o f
the various classrooms have been compared to get the most thermally comfortable and
uncomfortable naturally ventilated rooms. Recommendations have been made on how to
improve the ventilation o f the least comfortable room, based on hypothetical simulation
results. Juan Abento, etal [12], presented the air flow modeling in a eomputer room and
predicted the eomfort parameters o f a visualization room o f a research center. Airflow
was computed and heat transfer parameters (air temperature, relative humidity and air
velocity) were used for numerical prediction o f indoor air quality. The basic parameters
were combined with elothing insulation and metabolic activity measures to obtain
standard lAQ indices such as the mean age o f air, the predicted mean vote and the
predicted percentage o f dissatisfied room occupants.
This thesis is mainly focused on analysis o f thermal eomfort in a room (both 2D and
3D models) with UFAD system. UFAD system being the under floor air distribution
system is widely used now-a-days for indoor air-eonditioning. According to Loudermilk
[8], this system has two main advantages. Firstly, ventilation air is sure to reach the
occupants (as it is introduced within the occupied zone). Secondly, convection heat gains

10
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that occur above the oeeupied zone are isolated from the ealeulation o f the required space
supply air flow. Aecording to Bauman and Webster [13] well-designed UFAD systems
ean provide benefits such as reduced life eycle building eosts, improved thermal eomfort,
and improved ventilation efficiency and indoor air quality, reduced energy use, reduced
floor-to-floor height in new constructions, improved productivity and health. Zhang and
Chen [14], stated that the UFAD system has a better particle removal performanee than
the conventional supply systems. In their study they used a CFD program with a
Lagrangian particle tracking method to predict particle dispersion and concentration
distribution in ventilated rooms. Three ventilation systems have been studied, including
ceiling and side wall supply systems and an UFAD system. Particle deposition rate was
neglected, and particles were hence removed only by the ventilation system. The particle
removal performance o f different ventilation systems was evaluated. It was found that the
UFAD system has a better particle removal performanee than the eeiling and side wall
supply systems in the study. Lin and Linden [15] modeled an UFAD system consisting of
a single source o f heat and a single cooling diffuser in a ventilated spaee and suggested
ways to optimize UFAD design and operation.
A good amount o f research has been done on the turbulent models. At present, CFD
with the ‘standard’ k -s model is a popular method for numerical simulation o f room
airflow. The k-£ model needs a lot o f computing time. Fan [16] presented the CFD
modeling of the air and contaminant distribution in rooms. In this paper, the author used
the Kolmogorov micro scale method and deduced a new set o f turbulent coefficient
functions for the k -s model in a case o f low Reynolds number flow. A special wall
function valid for a viscous sub-layer, a buffer zone and a fully turbulent log-law zone
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was also recommended in this paper. Chen and Xu [17] proposed a new zero-equation
model to simulate 3D distributions o f air velocity, temperature, and contaminant
concentrations in rooms. The new model has been used to predict natural convection,
forced convection, mixed convection, and displacement ventilation in a room. It has been
proposed that the zero-equation model uses much less eomputer memory and the
computing speed is at least 10 times faster, compared with the k -e model. Bin Zhao,
Xianting Li, Qisen Yan [18] simulated the mixed convection flow in a ventilated room
using the k -e model and the zero-equation turbulence model. On comparing the
numerical results and measured data showed that the new zero-equation turbulence model
gave more satisfactory results in a shorter time. Huang, etal. [19] adopted a two-equation
turbulence model and Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
method to simulate the air distribution o f air-eonditioned room. From the analysis and the
comparison, the feasibility o f the solution was proved. Zhao, etal. [20] proposed a
simplified system based on a new air supply opening model and a numerical method of
solving the discrete algebraic equations to accelerate and simplify the convergence
procedure o f predicting air distribution in ventilated rooms. The N-point air supply
opening model is applied to describe boundary conditions o f air terminal devices in
computational fluid dynamics calculation. A zero-equation turbulence model is adopted
to further simplify the simulation. On comparing calculated results to measured data; it
was evident that the simplified methodology can predict indoor airflow quickly with
satisfactory results for engineering applications. Niu and van der Kooi [21] performed
two-dimensional numerical simulation o f an office room with open windows and
auxiliary cooling devices and determined the results o f the ventilation rates, indoor
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airflow fields and temperature distributions. The standard turbulence model is used for
flow pattern and temperature predictions. Possible comfort problems are analyzed in
terms of the percentage o f dissatisfied (PD) people due to draught, as well as vertical
temperature difference. The simulation results show that open windows can give a high
ventilation rate due to the stack effect alone, and that good thermal comfort can be
achieved when the outdoor temperature is moderate and that discomfort can arise due to
draughts near the floor and the too-large vertical temperature gradient in the occupied
zone when the outdoor temperature is too low. The results also indicate that a lightly
cooled ceiling makes the air temperature more uniform in the room.
This project mainly deals with the thermal comfort and contaminant transport in airconditioned rooms with UP AD system. It is important to study the air movement and
contamination distributions in the room in order to improve the indoor air quality in a
room and to save energy. Various studies have been done on the contaminant distribution
within a room. Some have studied the contaminant distribution, airflow and thermal
comfort in rooms (both 2D and 3D), while others predicted the ventilation efficiency o f
office rooms. One such study has been done by Cheong, etal. [22] on the dispersion of
contaminants in an office environment using empirical and modeling techniques. The
experiment was conducted in an environmental test facility with the mock-up o f two
typical office layouts. The test facility is served by an air-conditioning and mechanical
ventilation (ACMV). The contaminant’s emission was generated by a constant injection
o f tracer gas, sulfur hexafluoride (SF6), from a surface to represent the plane source. The
concentration o f contaminant in the chamber for both the layouts was measured and
simulated using a gas analyzer and a CFD program with the Re-Normalization Group k -e
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model, respectively. In general, the predicted concentration o f contaminant was
marginally lower than with the measured concentration. The contaminant’s dispersion
pattern was observed to be highly dependent on the velocity flow field. It was found that
the layout o f furniture influenced the airflow pattern and contaminant’s distribution in the
office. Chen, etal. [23], carried out an experiment in a full-scale climate room with
different air supply systems, heat gains from the Venetian blinds and ventilation rates.
The measurements concern room airflow patterns and air temperature, velocity and
contamination concentration fields, etc. The airflow computer program PHOENICS and
the cooling load program ACCURACY which considers the influence o f room air
temperature distributions, is employed for the determination o f cooling load, wall surface
temperatures and convective heat transfer on room enclosure surfaces have been applied
for the numerical simulations. The agreements between the computations and the
measurements are good. The ventilation efficiency and temperature efficiency used for
evaluation o f indoor air quality and energy consumption are reported.
Kim, et al. [24], analyzed the ventilation characteristics o f toluene in a room o f a
small-scale painting process with various exit locations and with different suction
velocities at the exits. A commercial software FLUENT/UNS has been employed to solve
the continuity, momentum equations and mass transfer equations. Steady state flow
pattern and toluene concentration have been numerically calculated in cases with
different positions and air velocities o f the exits, and then transient ventilation
characteristics o f toluene have been simulated with the calculation o f the room mean age
and air change efficiency, which are key factors for the evaluation o f indoor air quality.
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The result shows that a careful design o f work space is needed to maintain allowable
concentration, which may depend on the position o f exits and local room mean air age.
Zhao, etal. [25], studied the air movement and aerosol particle concentration and
deposition in displacement and mixing ventilation rooms numerically. The discrete
trajectory model is adopted to simulate particle tracks while the Eulerian method for
solving the continuous fluid flow is combined and validated by the case from literature.
The results show that particle deposition and concentration are mainly influenced by the
ventilation conditions. For the same particle properties, a displacement ventilated room
has a lower particle deposition rate and larger escaped particle mass than the mixing one,
while the average particle concentration o f the displacement case is higher than the
mixing case.
Flaghighat, etal. [26], conducted a series o f tracer gas to simulate the contaminant
migration and the removal o f the contaminant generated by a point source in a residential
building. The relative removal effectiveness and removal efficiency were calculated and
were later used to assess the air quality related building problems at the design stage in
making decisions among alternative schemes. He, etal. [27], performed experimental and
numerical modeling of contaminant dispersion in a full-scale environmental chamber
with two air distribution systems: displacement and mixing ventilation. SF6 was
considered to be the hypothetical contaminant emitted uniformly from the entire floor
surface for the experimental modeling. A computer model for predicting the contaminant
dispersion in indoor spaces was validated with experimental data, and was used to study
the effects o f airflow and the area source location on contaminant dispersion. The results
showed that the global airflow pattern has a strong impact on the distribution o f the
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contaminants and also it has been suggested that the location o f an exhaust diffuser may
not greatly affect the airflow pattern, but can significantly affect the exposure level in the
room. Hagstroma, etal. [4], studied the influence o f the floor-based obstructions on the
contaminant removal effectiveness and efficiency. In this study, it was observed that the
room air distribution method results in contaminant concentration non-uniformity inside
the occupied zone and hence a method was developed to take this into account during the
design o f the air distribution system. It was also seen that the influence o f air distribution
method, air change rate, level o f room obstruction and cooling load, on occupied zone
concentration uniformity and contaminant removal efficiency was found to be small.

1.6 Thesis Outline
This thesis presents a numerical solution for the thermal comfort and CRE analysis of
rooms using CFD technique. Chapter 2 gives detailed description o f the problem,
governing equations and the methodology o f the project. Chapters 3 and 4 explain the
CFD analysis and numerical methodology o f the UFAD system o f a 2D office room with
occupants and 3D office room with and without occupants. Simulations results o f both
2D and 3D office room are presented in Chapter 5. Conclusions and suggestions are
presented in Chapter 6.
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CHAPTER 2

PROBLEM DESCRIPTION AND METHODOLOGY
2.1 Problem Description
To predict the indoor thermal environment, it is necessary to determine air velocity,
temperature, and relative humidity in a room. The prediction was carried out by solving
coupled equations for the conservation o f mass (for the whole air mixture as well as for
each specie), momentum, and energy. For assessing and designing o f most air
conditioning applications in indoor environment, the solution o f interest is steady state.
In this chapter the physical problem o f the project is discussed. Both 2D and 3D
models o f office setting have been studied in this project. The numerical simulation o f the
under floor air distribution (UFAD) system based on the dimensions o f BTLab at UNLV
(3D model) and the 3D simulation o f UFAD system with swirl diffusers in a living room
(real-life simulation) were studied using computational fluid dynamics (CFD) technique.
2.1.1 2D Simulation o f UFAD System in an Office Setting
The 2D office setting model included a typical cubicle in a large office floor in a
steady-state condition with a chair, a desk with a PC on top, and heat sources such as
seated people is shown in Figure 5. For the UFAD system, air entered the occupied zone
through an inlet located at floor level supplying a vertical upward inflow. This office
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setting model was simulated by using CFD modeling with considering the thermal
comfort and contaminant removal effectiveness (CRE). Temperature and relative
humidity distributions as well as contaminant concentration and velocity patterns have
been analyzed. Thermal comfort factors such as PMV and thermal sensation index (Y)
are calculated. The thermal comfort is predicted based on Fanger’s PMV model, which
assumes a uniform thermal environment.
Initially computational mesh has been generated using GAMBIT using the BTLab
dimensions shown in Figure 6.
Parameters for this 2D domain are as follows
•

Space width = 6.09 m

•

Ceiling height = 2.74 m

•

Human body temperature, Thuman = 306 K

•

Supply air temperature, Tsuppiy = 294 K.

Exhaust fan

Exhaust fan

20A

computer

ift
1^-—
a

9A
3.5ft

a

zLft

3ft LdlWL,

1.5ft

_L

\

Supply air flo w
inlet

Contaminant
source

Supply air flo w
inlet

Figure 5. Schematic o f typical 2D cubicle in an office
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Boundary conditions for this 2D office cubical will be presented in Chapter 3.
2.1.2 3D Simulation o f UFAD System o f BTLab, UNLV
The UFAD system of BTLab includes eight swirl diffusers and sixteen heaters and
four exhaust fans. The results for the velocity, temperature of the air flow in the test space
o f BTLab, relative humidity and contaminant distribution for UFAD system have been
analyzed.
The analysis on the information o f the experimental system has been made and a
simplified geometry o f BTLab for UFAD system simulation was generated [1]. The
initial computational domain data for simulating the UFAD systems o f the BTLab is
shown in Figure 6.
Parameters for test space o f the BTLab are
• Space length = 9.1 m
• Space width = 6.1 m
• Ceiling height ^ 2.7 m
• Space o f floor area = 55.51 m^
• Air diffusion performance index >80
• South wall surface temperature, Tsw = 297.05 K
• North wall surface temperature, T„w = 297.05 K
• East wall surface temperature. Tew = 297.05 K
• West wall surface temperature, Tww = 297.05 K
The swirl diffusers are placed 0.60 m from west and east walls and 1.2 m from the
north and south walls. The spacing between the diffusers is 2.4 m except between the 2
diffusers close to south wall whose spacing is 1.9 m.
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Figure 6. Schematic o f the UFAD system of the BTLab

Boundary conditions for UFAD system will be presented in Chapter 4.
The numerical study of the BTLab has been done earlier to predict the optimum
location o f the diffuser and the results have been benchmarked with the experimental
results. The thermal comfort analysis o f this model has been done. The thermal sensation
index and the contaminant concentration have been calculated in this project.
2.1.3 3D Simulation o f UFAD System with Swirl Diffusers in a Living Room
In this study the fluid flow and heat transfer with UFAD system in a real life living
room were simulated by using computational fluid dynamics (CFD) modeling. The
intention of this work is to highlight solutions provided by CFD in studying the
configurations o f a room ventilation set-up, besides ensuring better analysis o f real-life
environments.
The configuration o f this living room is shown in Figure 7, one can identify a set of
tables, chairs, sofas, cabinet and swirl diffusers on the floor.

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The dimensions of the room are:
•

Length = 8 m

•

Width = 5 m

•

Height = 3 m

Openings located in the ceiling are obviously included as part o f the model. Three swirl
diffusers set in different locations on the floor, play a key role in air flow distribution.
This domain has been replicated as a full 3D geometric model. As with the other models,
the results for the velocity, temperature, relative humidity and contaminant distribution
for UFAD system with the floor obstructions have been analyzed.

Figure 7. Description o f the geometry model in a living room
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2 2 Methodology
2.2.1 Software
The physical aspects o f any fluid flow are governed by three fundamental principles:
mass is conserved; Newton's second law; and energy is conserved. These fundamental
principles can be expressed in terms o f mathematical equations, which in their most
general form are usually partial differential equations. Computational fluid dynamics
(CFD) is the science o f determining a numerical solution to the governing equations o f
fluid flow whilst advancing the solution through space or time to obtain a numerical
description of the complete flow field o f interest [9]. CFD provides a qualitative
prediction o f fluid flows by means o f mathematical modeling (partial differential
equations), numerical methods (discretization and solution techniques), and software
tools (solvers, pre- and post processing utilities). CFD enables scientists and engineers to
perform ‘numerical experiments’ (i.e. computer simulations) in a ‘virtual flow laboratory’
[9].
The steady improvement in the speed o f computers and the increased available
memory size since the 1950s has led to the emergence o f computational fluid dynamics
[2]. This branch o f fluid dynamics complements experimental and theoretical fluid
dynamics by providing an alternative cost effective means o f simulating real flows. As
such it offers the means o f testing theoretical advances for conditions unavailable on an
experimental basis. The role of CFD in engineering predictions has become so strong that
today it may be viewed as a new third dimension o f fluid dynamies, the other two
dimensions being classical cases o f pure experiment and pure theory. The development o f
more powerful computers has furthered the advances being made in the field o f
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computational fluid dynamics. Consequently CFD is now the preferred means o f testing
alternative designs in many engineering companies before final, if any, experimental
testing takes place. CFD models have been used to study lAQ problems, pollutant
distributions, and performance o f HVAC systems. The increasing developments o f CFD
in the recent years have opened the possibilities o f low-cost yet effective method for
improving HVAC systems in the design phase, with less experimentation required i.e., to
design better and faster. Better and faster design or analysis leads to shorter design cycles.
Time and money are saved. CFD is a tool for reducing the design and development cycle.
The eomputational fluid dynamics (CFD) package FLUENT ® has been used to
perform simulations in this study. FLUENT software is a powerful and flexible generalpurpose computational fluid dynamics (CFD) package used for engineering simulations
of all levels o f complexity. It offers a comprehensive range o f physical models that can
be applied to a broad range o f industries and applications. The FLUENT ® package
includes FLU EN T® , and G A M BIT® (the preprocessor for geometry modeling and
mesh generation). It is the CFD solver which can handle both structured grids, i.e.
rectangular grids with clearly defined node indices, and unstructured grids (triangular and
reetangular nature). In recent years, various CFD packages are being introduced into the
market. CFD is widely available and every industry that involves advanced engineering
uses CFD. Its use is rapidly expanding, and FLUENT ® 's CFD software features
accuracy, efficient meshing, high speed and powerful visualization capability.
GAMBIT® is FLUENT®'s geometry and mesh generation software. The GAMBIT
software package is designed to help analysts and designers build and mesh models for
computational fluid dynamics (CFD) and other scientific applications. GAMBIT ® 's
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single interface for geometry creation and meshing brings together most o f FLUENT ®'s
preprocessing technologies in one environment [28] [7]. CAD interoperability, geometry
cleanup,

decomposition

and

meshing

tools

are

the

finest

combinations

of

GAMBIT ® which results in one o f the easiest, fastest, and most straightforward
preprocessing paths from CAD to quality CFD meshes. As a state-of-the-art preprocessor
for engineering analysis, GAMBIT ® has several geometry and meshing tools in a
powerful, flexible, tightly-integrated, and easy-to use interface. GAMBIT®

is used to

reduce preprocessing time dramatically for many applications. Most models ean be built
directly within GAMBIT ® 's solid geometry modeler, or imported from any major
CAD/CAE system. In the 3D model o f UFAD system with swirl diffusers in a living
room, mannequins and chairs were carefully constructed using the Solidwork and
incorporated into the scene developed with GAMBIT. GAMBIT® also has an excellent
boundary layer mesher for growing optimum grid cells off wall surfaces in the
geometries for fluid flow simulation purposes.
2.2.2 Governing Equations
This projeet deals with the study o f the indoor airflow which is turbulent in nature. In
order to study this turbulent mixing on thermal comfort and indoor air quality, governing
partial differential equations must be solved. The equations that govern the fluid flow and
convective heat transfer o f any nature are the conservation equations o f momentum,
energy and mass. These are the fundamental equations which form the basics o f any
detailed rigorous method for predicting air velocity and temperature within a room. The
governing equations which describe the total flow are illustrated below
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Continuity equation:
dpUj

=0
(2 .1)

Momentum equation:
Ô

dx-

' b u , e u ,''
-+
^ ■pu', u'
dx.

{p U ,U j)=

/%,

(2.2)

Energy equation:

[p U jC /) =

À

ÔT
d x,

p u 'J '
^ '

(2.3)

where p is the density, p is the viscosity, p is the pressure, C is the specific heat
capacity, À is the thermal conductivity. The turbulent stress and heat flux are determined
by
au
-

+

\p S ,k

•

(2.4)
p u 'J T —
Pr,

dXj

where ôy is the Kronecker delta function, ôy = 1 when i = j and zero when i

(2 5)
j , ^ is

the turbulent kinetic energy, Pr, is the turbulent Prandtl number and taken as 0.9, and p,
is the turbulent viscosity, p, = pC^k^ / £ , where

= 0.09, k is the kinetic energy and

£ is the turbulence dissipation.
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2.2.3 Standard k-£ Model
Almost all fluid flow which we encounter in daily life is turbulent. Typical examples
are flow around (as well as in) cars, aeroplanes and buildings. The boundary layers and
the wakes around and after bluff bodies such as cars, aeroplanes and buildings are
turbulent. Also the flow and combustion in engines, both in piston engines and gas
turbines and combustors, are highly turbulent. Air movements in rooms are also turbulent,
at least along the walls where wall-jets are formed. Hence, when we compute fluid flow it
will most likely be turbulent.
The choice o f turbulence model will depend on factors such as the physics involved
in the flow, the level o f accuracy required, the available computational resources (speed
and memory), the established practice for a specific class of problem, and the amount of
time available for the simulation. The following choices of turbulence models [9] are
listed below.
•

Spalart-Allmaras model

•

k-e models :
■

Standard k-e model

■ Renormalization-group (RNG) k-e model
■ Realizable k-e model
•

k- m models :
■

Standard k- ® model

■

Shear-stress transport (SST) k- co model

•

V^- f model

•

Reynolds stress model (RSM)
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•

Detached eddy simulation (DES) model

•

Large eddy simulation (LES) model
Various turbulence models have been proposed in the past twenty years. The k-e

model is the most popular o f the two equation models and produced qualitatively
satisfactory results for a number o f complex flows. The standard k-e model has been used
for the 2D model o f an office set-up and the 3D model o f the BTLab. This technique uses
wall functions to treat the near-wall sub-layers. The standard k-e model requires less
computational effort and memory because o f this it is chosen for this work. The
realizable k-e model was used for the 3D simulation o f UFAD system with swirl diffusers
in a living room since the boundary layer flow was expected in the real-life simulation
model. The main benefit o f realizable k-e model is that, it accurately predicts the
spreading rate o f both planar and round jets. It is also likely to improve superior
performance for flows involving rotation, vortices, boundary layers, under strong adverse
pressure gradients, separation and recirculation. The two-equation models in which the
solution o f two separate transport equations allows the turbulent veloeity and length
scales to be independently determined are the most common turbulence models used. The
standard k-e model falls within this class o f turbulence model and has become the
workhorse o f practical engineering flow calculations. The standard k-e turbulent model is
a semi-empirical model based on the model transport equations for the turbulent kinetic
energy k and its dissipation rate e. The model transport equation for k is derived from an
exact equation, while the model transport equation for

e

was obtained using physical

reasoning and bears little resemblance to its mathematically exact counterpart. It was
assumed that the flow was fully turbulent and effects o f molecular viscosity are
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negligible in the derivation o f the standard k-e model. Hence this model is valid for fully
developed flows.
Transport equations for the standard k-e model: The turbulence kinetic energy, k, and
its rate o f dissipation, e, are obtained from the following transport equations

~ i p k ) + — {p k u . )
Of
c%\

(2 .6)

and
8
- W
a

6
+ —
dv,

8

p+

Pt

86^

UK-

(2.7)

In these equations, pt is the turbulent viscosity, Gk represents the generation o f
turbulence kinetic energy due to the mean velocity gradients, calculated as

G
(2 .8)

Gb is the generation o f turbulence kinetic energy due to buoyancy, calculated as

G ,= P g ,H ^ f P r;

where

P

y8Ty

(2.9)

where P is the coefficient o f thermal expansion, Pr, is the turbulent Prandtl number for
energy and g, is the component o f the gravitational vector in the ith direction. For the
standard k-e models, the value o f Pr, is 0.85.
Y m represents the contribution o f the fluctuating dilatation in com pressible turbulence
to the overall dissipation rate. Q g , (^2^ and C3,, are constants. O' a n d O^ are the
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turbulent Prandtl numbers for k and G, respeetively.

and ^g are user-defmed source

terms. For high-Mach-number flows, eompressibility affeets turbulence through
‘dilatation dissipation’, which is normally neglected in the modeling o f incompressible
flows. In this model, the flow is considered to be incompressible.
In this project, it is assumed that the mass diffusivities o f species in air are scalars
(

) and the thermal diffusion is negligible. Since there is neither source nor chemical

reaction, the equations for the mass conservation o f water vapor and contaminant gas are

8

/

Cky

where

8

, \

k = water vapor or contaminant gas

8ky

(2.10)

A y

is the diffusion coefficient for k scalar.

Once the temperature, water vapor concentration and pressure are obtained, the relative
humidity can be computed by

(2 . 11)

/ =
P w sT

where
(101325+ p)-OT„,,,

^ " ^ 0.62198 + 0.37802-m „„„,„

P^sT = 1000 exp

•5.516-0.048647’ +4.176 X1 0 " ' - 1 . 4 4 5 x 1O'* F ' + 6.546 In F
V

T

y
(243)

where pw is the actual vapor pressure, pwsT is the saturated vapor pressure, p partial
pressure, m^atenapor is the concentration o f water vapor and F temperature in K.
To evaluate the thermal comfort, the Fanger model was used in this project [29]. This
model was originally developed to predict human thermal comfort in office-like
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environments and has gained wide usage in the HVAC industry because o f its simplicity.
In this model, predicted meant vote (PMV) is the parameter for assessing thermal comfort
in the occupied zone based on the conditions o f metabolic rate, clothing, and air speed,
besides the temperature and humidity. It can be expressed as
PM V = {0.303 exp[-0.0036(M - W)] + 0.028}{(M - W)
- 3.05 X10“' [5733 - 6.99(M - W ) - /? „ ]- 0.42[(M - W ) - 58.15]

- 1 . 7 x 1 0 ' M ( 5 8 6 7 - ; , , „ ) - 0 . 0 0 1 4 M ( 3 4 - 7 ; ) - 3 . 9 6 x l 0 - " +7;']
- A A ( 7 ;,- 7 :) }
where
r„ = 3 5 . 7 - 0 . 0 2 8 ( M - » ' ) - y , } 5 . 9 6 x l 0 - ' / , , K ; + r ; i + /> ,< r „ - r j }

/.., = 2 . 3 8 ( r „ - r j “
1.00 + 1.297,,
fd -

p.15)

p . 16)

7„ < 0.078 m^K/W

1.05 + 0.6457,,

7,, > 0.078 m^K/W

(2.17)

The scale o f PMV values refer to the follows
3=hot, 2=warm, l=slightly warm, 0 = neutral, -l=slightly cool, -2=cool, -3= cold

Thermal sensation index represents the effect o f environmental and personal
variables on thermal response and comfort level, such as temperature, humidity, sex, and
length o f exposure. Thermal sensation ean be predicted using empirical equations from
the work o f Rohles and Nevins given in [30]. The empirical equation for men and women
combined with exposure period o f 3 hours, converted for SI units, is given by
T = 0.2437; + 0 . 0 0 0 2 7 8 - 6.802
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(2.18)

For assessing the effectiveness o f an occupied zone, the contaminant removal
effectiveness (CRE) was used. Here, the CRE was calculated based on the mean
contaminant concentration in the supply inlet, the exhaust and the occupied zone [31].
CRE -

~
C
-C
^ BZ

(2.19)

In our case, it assumed that the supply air flow is contaminant free and the CRE can be
computed as
CRE = C J C „

(2.20)

where Cg is the mean contaminant concentration in the exhaust and

is the mean

contaminant concentration in the occupied zone.

2.3 Numerical procedure
After selecting the mathematical model, a suitable discretization method has to be
chosen. FLUENT 6.3 is the commercial software is used in the numerical simulation, and
the finite volume method (FVM) is the discretization method that has been employed. In
the finite volume method, the physical space in split up into small volumes and the partial
differential equations are integrated over eaeh o f these volumes. The FVM uses the
integral form o f the conservation equations as its starting point. Assume ^ is a generic
conserved

intensive

property

(for

mass

conservation,

^ =1;

for

momentum

conservation, ^ = u \ f o r conservation o f a scalar, ^ represents the conserved property per
unit mass), then the integral form o f the generie conservation equation can be expressed
as:

a
dt

^p(/)dÇl+^p<lni • n d S = ^Ygrad(j)»ndS + ^q,i,dQ.
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(2.21)

The finite volume discretization can be used for both regular and irregular meshes.
The changes through the surfaces are well-defined in an irregular mesh. For simplicity,
steady-state is considered. Assuming the velocity field and all fluid properties are known,
then the generic conservation equation becomes:

^

• hdS = \ Tgrad(t> •

q /Q .

The solution domain is subdivided into a finite number o f contiguous control volumes
(CVs) by a grid which defines the control volume boundaries, and the conservation
equations are applied to each CV. At the centroid o f each CV lies a eomputational node
at whieh the variable values are to be caleulated. Interpolation is used to express variables
at the CV surfaee in terms o f the CV eenter values. Typieal 2D Cartesian eontrol volumes
with the notations are shown in Figure 8. For maintenanee o f eonservation, it is important
that CVs do not overlap; eaeh CV faee is unique to the two CVs whieh lie on either side
o f it.

F ;.r

jvr
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•""c.v.

m
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Figure 8: Typieal eontrol volume and the notation used for a Cartesian 2D grid
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A typical 2D CV is taken as an example. Its surfaee is subdivided into four plane
faces (

and

on whieh ‘e ’, ‘w ’, ‘s’ and ‘n ’ represent the eenter o f the

surface; ‘ne’, ‘nw ’, ‘sw ’ and ‘se’ represent the comer nodes and P is the centroid. Thus,
the net flux through the CV boundary is the sum o f integrals over the four CV surfaces:

• n ) or diffusive {Tgrad<p • n) vector in

where f is the component o f the convective

the direction normal to CV surface. As the velocity field and all fluid properties are
known, thus quantity ^ is the only unknown in f.
A typical CV face ( S ^ ) is taken as an example to calculate the surface Eq. (2.22), the
analogous expressions may be derived for all faces by making appropriate index
substitutions. To calculate the surfaee integral on

, an approximation must be

introduced because only the CV center values o f f are known. Approximation is best
done using two levels: a) The integral is approximated in terms o f the variable values at
one or more locations on the cell face; b) The cell face values are approximated in terms
o f the CV center values.
The simplest approximation to the integral is the midpoint mle that can be expressed
as:

^ fd S « f^S
Where

is the value of f at the center o f face

(2.24)

.

Another second order approximation o f the surface integral in 2D is the trapezoid mle,
whieh leads to:
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F, = ( / r f 5 » L ( / . + / „ )

(2.25)

In this case the integrands at the CV comers are needed. For higher order
approximation, the integrand is needed at more than two locations. For example, using
the Simpson’s mle, a fourth-order approximation o f the integral over

is estimated as:

6

(2.26)

Here the values o f f are needed at three locations: the cell face center and the two comers.
As the values o f f is unknown on

, the values o f / , ,

and X , have to be expressed

in terms o f the values o f CV centers by interpolation ( if veloeity field and other
properties are know, then only the values o f quantity ^ needs to be approximated).
Some terms in the transport equations require integration over the volume o f a CV. The
simplest seeond-order accurate approximation is to replace the volume integral by the
product o f the mean value and the CV volume:

Q„ = U d O . , / n
Where

(2.27)

is for the value of q at the CV eenter. Since all variables are available at node P,

this quantity is easily calculated, no interpolation is necessary. An approximation of
higher order requires the values o f q at more locations than just the center. These values
have to be obtained by interpolating nodal values or equivalently, by using a shape
function.
Fluxes through the CV faces coinciding with the domain boundary require special
treatment, which must be either known or be expressed as a combination o f interior
values and boundary data. Since there are no nodes outside the boundary, these

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

approximations must be based on one-sided differences or extrapolations. One advantage
o f the FVM over finite difference methods (FDM) is that it does not require a structured
mesh (grids are based on some regular distribution o f the nodes), although a structured
mesh can also be used. Furthermore, the FVM is preferable to other methods as a result
o f the fact that boundary conditions ean be applied non-invasively because the values o f
the conserved variables are located within the volume element, and not at nodes or
surfaces. The FVM is especially powerful on coarse non-uniform grids and in
calculations where the mesh moves to track interfaces or shocks.
2.3.1 Parallel Processing
In the 3D model o f BTLab with 8 swirl diffusers, 16 heaters, 4 outlets, numerical
model about five million cells have been used. For the 3D model o f UFAD system with
swirl diffusers in a living room, about 2 million cells are used. In both the 3D models,
more than 3 GB memory is required. However, for a 32-bit processor, it only provides
addressing up to 4 GB o f memory. There is a 2 GB memory limitation per process. Hence,
parallel processing is used for both the 3D models. The structure o f parallel processing is
shown in Figure 9.
In FLUENT, the parallel solver allows us to compute a solution by using multiple
processes that may be executing on the same computer, or on difference computers in a
network. Parallel processing in FLUENT involves an interaction between FLUENT, a
host process, and a set o f eompute-node processes. FLUENT interacts with the host
process and the collection o f compute nodes using a utility called cortex, that manages
f l u e n t 's

user interface and basic graphical functions. The parallel FLUENT

architecture is illustrated below. For both the 3D models four CPUs with 3.4 GHz and the
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memory with 12 GB in the same computers was used. The computational time requires
approximately 3 to 4 days finishing the calculation for the whole UFAD system
simulation.
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Figure 9. Parallel FLUENT architecture [32]
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CHAPTER 3

NUMERICAL MODELING OF UFAD SYSTEM OF A 2D OFFICE SETTING
3.1 Introduction
In this study the thermal comfort analysis o f an under floor air distribution (UFAD)
system o f a cubicle in an office room was performed by the using the computational fluid
dynamics (CFD) modeling. The air supply distribution and exhaust arrangement were
modeled for an UFAD system. The model included a typical cubicle in a large office
floor in a steady-state condition with a chair, a desk with a PC on top, and heat sources
such as seated people. For the under floor air distribution system, air entered the oeeupied
zone through an inlet located at floor level supplying a vertieal upward inflow. The air
return location is on the ceiling. Distributions o f velocity, temperature, relative humidity,
and contaminant concentration o f the UFAD system were computed.
The mesh has been generated using the preprocessor GAMBIT® and the simulation
is carried out using FLUENT®. The equations that govern the total fluid flow are the
conservation o f mass, conservation o f momentum and conservation o f energy. The
species concentration is governed by the conservation of mass o f water vapor and
contaminant gas. The mathematical model that has been employed for the simulation is
the standard k-s turbulent model because it requires less computational effort and
memory. The segregated solver is used and the discretization method that has been
adopted is the FVM. In this method, the eonservation equations are applied to each
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control volume (CV) and the variable values are calculated at the computational node
which lies at the centroid o f the CV. Variables such as velocity, temperature, species
concentration are obtained by solving these governing equations using the discretization
method.
The study o f a thermally comfortable typical cubicle in a large office floor requires
detailed information about distribution o f air velocity, air temperature and relative
humidity in the indoor environment. The CRE, PMV and thermal sensation index have
been calculated for studying the contaminant distribution and thermal comfort level o f the
occupant in the room. The objective o f this part o f the work is to simulate airflow in
UFAD system for a single cubicle on an office floor using CFD modeling. The results
can he related to thermal environment, indoor air quality and ventilation effectiveness.
Temperature and relative humidity distributions as well as contaminant concentration and
velocity patterns were obtained. Thermal comfort is predicted based on Fanger’s PMV
model, which assumes a uniform thermal environment.
Figure 5 shows the schematic diagram o f the 2D cubical in an office. The 2D model
o f the office setting has 2 diffuser inlets, 2 outlets constituting the air distribution system.
The length o f the room is 20 ft or 6.096 m and the ceiling height being 9 ft or 2.7432 m.
The inlet diffuser opening is 1ft or 0.3048 m and is placed 4.2 ft or 1.28016 m from the
west wall. On the other hand, the opening o f the contaminant source and outlets is 1.5 ft
or 0.4572 m. The contaminant source, inlet diffuser and the outlet are equally placed on
either side o f the table.
Figure 10 shows the mesh system o f this model. Here, the rectangle mesh was used
for the simulation. The mesh system is constituted o f 27330 cells and 28102 nodes. Due
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to flux concentration at the walls, the flow will be concentrated near the walls and hence
dense mesh has been used close to the walls. Similarly, a dense mesh has been used close
to the objects due to the boundary layer formation near the objects.

□

Figure 10. Mesh system for the 2D simulation of an office setting

3.2 Mesh Independent Study
To find the mesh independent solutions for this problem, three pairs o f mesh size
were tested. Figures 11-14 show the mesh independent study results with the three
systems that have been tested for the flow characteristics such as velocity, temperature
along the inlet at X=15.3 ft or 4.6634 m and at Y=6 ft or 1.8288 m across the width o f the
room.
Coarse Mesh:
Number o f cells - 13724
Number o f nodes - 14268
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Original Mesh;
Number o f cells - 27330
Number o f nodes - 28102
Fine Mesh:
Number o f cells - 54588
Number o f nodes - 55740

o rig in a l
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Figure 11. Mesh independent study o f velocity at inlet, X= 4.6634 m
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Figure 12. Mesh independent study o f veloeity across the width o f the room at
Y=1.8288 m
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Figure 13. Mesh independent study o f temperature at inlet, X= 4.6634 m
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Figure 14. Mesh independent study o f temperature across the width o f the room
at Y=1.8288 m

It can be observed from the mesh independent study that, there is not much difference
in the variables shown above for the original mesh and the fine mesh. The difference is
less than 5%. Hence, a mesh system with 27330 cells is used for the simulation.

3.3 Thermal Comfort Analysis o f the Cubical Office Room
The UFAD system in an office setting was simulated by using o f computational fluid
dynamics (CFD) modeling with considering the thermal comfort and contaminant
removal effectiveness (CRE). The study o f a thennally comfortable typical cubicle in a

large office floor requires detailed information about distribution o f air velocity, air
temperature and relative humidity in the indoor environment. The CFD analysis has been
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done on this model. According to the mesh independent smdy, a mesh system with 27330
cells was used for our simulation.
The domain extents o f this model are as follows X-coordinate: min (m) = 0.000000*10^, max (m) = 6.096000*10°
Y-eoordinate: min (m) = 0.000000*10°, max (m) = 2.743200*10°
Boundary conditions are
• The supply air mass flow rate from each diffuser is 0.06 kg/sec
• The inlet air temperature is 293.76 K
The computer heat flux is 100 W/m^ and the water vapor loss on the human body is
assumed as 5*10^ kg/m^-s [33]. The constant temperamre boundary condition is assumed
for the human body, which is 306 K. To evaluate the contaminant removal effectiveness,
a source was put under the chair on either sides. And the contaminant flux is taken as
1*10 ° kg/m^-s. The adiabatic boundary conditions are taken for the wall o f the room. The
diffusivity o f water vapor and contaminant species are taken as 2.544*10'° m^/s and
2.503*10'° m^/s respectively.
Figure 15 shows the velocity diagram o f the fluid flow in 2D office cubical. The cool
airflow entered the cubicle vertically through a floor-level diffuser. The main flow
slightly bent to the right and swept along the local space near the person’s back, up to the
head of the occupant, bent to the left towards the computer. Around the upward area o f
the computer, the upward flow is formed due to the heat generated by the computer and
then moves towards the computer. The upward flow were dominated by forced
convection from the imposed inlet veloeity and also induced by natural convection due to
higher temperamre surface along the person’s back, while the downward flow was under
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the effect o f natural convection only because o f its lower temperature. The upward and
downward flow created a region o f circulation near the backside o f the person.

0.1 m sec
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I
V
o
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3

2

4

6

X (m)

Figure 15. Vector diagram o f the fluid flow

Figure 16 shows the velocity distribution. From the inlet o f the diffuser, the air is
delivered with a velocity of 0.157 m/sec. The velocity gradually decreases along the
height behind the human due to the distribution o f the air. It can be observed that the
velocity is high above the computer because o f the upward movement o f the air from
either side.
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Figure 16. Veloeity distribution (m/see)

Figure 17 and Figure 18 show the temperature and relative humidity distribution in an
office cubicle respectively. From Figure 18, it can be noticed that around the upper area
o f computer, the upward flow is formed due to the heat generated by the computer. The
highest temperature region can be found on the region between the two computers and at
the human model. Since the relative humidity is inversely proportional to the temperature,
the lowest relative humidity can also be found in this region. As shown in Figure 19, the
relative humidity in the upper region in the room is lower due to the higher temperature.
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Figure 17. Temperature distribution (K)
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Figure 18. Relative humidity distribution (%

Figure 19 shows the water vapor concentration contour. It can be seen that the water
vapor concentration is higher near the human due to the loss o f water vapor from the
human body (boundary condition). In the remaining cubical, the water vapor
concentration is uniformly distributed.
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Figure 19. Water vapor concentration contours (kg/kg air)

Figure 20 shows the contaminant species concentration in the office cubical. It is seen
that due to absence o f movement o f air, there exists a stagnation region under the table.
Hence, the contaminants get stagnated under the table and this is depicted by high
contaminant concentration under the table in the figure. Due to the stagnation o f the
contaminants, the contaminant removal effectiveness (CRE) is low.
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Figure 20. Contaminant species concentration contours (kg/kg air)

Figures 2 1 - 2 4 show the vertical distribution o f the average temperature, average
relative humidity, average velocity, average species concentration alone the height o f the
room. Figure 21 shows the vertical distribution o f the average temperature along the
height o f the cubicle. It is known that the temperature difference between the head level
(1.6764 m) and the foot of the occupant should be within 1 C, and from Figure 22, it can
be observed that the difference is less than 1 °C. According to the ASHRAE standards for
the thermal comfort, the comfortable temperature range is 1 8 - 2 3 ^C. It can be seen that
the temperature range in the occupied zone lies between 295 K and below 296 K i.e.,
23 °C. The occupied zone extends from the floor to a height o f about 1.6764 m.
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Figure 21. Vertical distribution o f the average temperature

Figure 22 shows the vertical distribution o f the average relative humidity. As the
relative humidity is inversely proportional to temperature, therefore it can be observed
that the variation of the average relative humidity follows a reverse trend to that o f the
temperature. According to ASHRAE Standard 62-2001-“Ventilation for Acceptable
Indoor Air Quality”, the relative humidity range should be within 25% - 60%. Also, the
relative humidity o f 70% or higher can lead to problems with mold, corrosion, decay and
other moisture related deterioration. On the other hand, low relative humidity can lead to
discomfort, shrinkage o f wood floors and wood furniture, cracking o f paint on wood trim
and static electricity discharges and drying o f the skin. In this study it can be seen that
since the relative humidity is below 70%, it is feasible. The relative humidity, at the
human level, is acceptable which is little above 65% and from there on it gradually
decreases to the ceiling.
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Figure 22. Vertical distribution o f the relative humidity

Vertical distribution o f velocity along the height o f the cubicle is plotted in Figure 23.
The average velocity along the height o f the room is low, hence looking at the thermal
sensation index (Y), the value is about -0.38 which is comfortable for the occupant.
Figure 25 shows the distribution o f the contaminants along the height o f the cubical. It
can be observed that the species concentration is relatively high at the floor level than at
greater heights, i.e., the species concentration gradually decreases along the height. The
reason behind this is the distribution and mixing o f the air. Due to this phenomenon, the
species concentration gradually decreases along the height o f the cubical. Therefore, the
occupied zone is almost free o f the contaminant.
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Figure 24. Vertical distribution o f the species concentration

3.4 Parametric Study
The parameter that has been varied in this study is the mass flow rate at the inlet. The
mass flow rate has been varied from 0.03 kg/sec to 0.1 kg/sec and the flow characteristics
such as temperature, velocity and the thermal comfort characteristics such as relative
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humidity and contaminant species concentration have been analyzed and the results have
been plotted. Figures 25-28 and Figures 29-32 show the variation o f the above
characteristics for a case with uniform and non uniform mass flow rate in both the
diffusers respectively. In this study, two different cases have been study. In C asel, the
mass flow rate is varied uniformly in both the diffusers. Unlike, the case 1, in case 2, the
mass flow rate in one diffuser is kept constant i.e., 0.06 kg/sec and then mass flow rate o f
the second diffuser is varied from 0.03 kg/sec to 0.1 kg/sec.
Contaminant removal effectiveness (CRE) was calculated by average the mean
concentration in the exhaust and occupied zone from Eq. 2.19. Here the CRE is around
0.0276. The reason for this low value is because o f the stagnant zone around the
contaminant zone. From the obtained average values, thermal comfort factors such as
predicted mean vote (PMV) and thermal sensation index (Y) were computed, using the
equations Eq. 2.14 - 2.18, respectively for all the cases with varying mass flow rates and
these factors have been plotted across various mass flow rates. The predicted mean vote
(PMV) has also been calculated and it is about -1.1369, which corresponds to slightly
cool in this operating condition. Thermal sensation index is also calculated and it is about
-0.381, which falls in the comfort zone.
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Figure 25. Variation o f temperature with mass flow rate o f supply air

Figure 25 shows the variation o f temperature as a function o f mass flow rate. It is
observed that the as the mass flow rate is increased uniformly in both the diffusers, the
average temperature of the office cubical drops. The reason behind this can be that, as the
mass flow rate increases more cool air is being let into the cubical for the same time. As
the mass flow rate o f the cool air from the diffuser increases, the average room
temperature decreases. According to the physics involved in this problem, as the mass
flow rate is a direct proportional o f density and inversely related to temperature. Hence
we can observe that as the mass flow rate increases, the temperature decreases.
Since the relative humidity is inversely related to the temperature, it can be observed
from Figure 26, that unlike the temperature variation, the relative humidity increases with
the increase o f the supply air mass flow rate.
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Figure 26. Variation of relative humidity with mass flow rate o f supply air

Figures 27 and 28 show the variation o f PMV and thermal sensation index across the
mass flow rate respectively. It can be seen from Figure 27 that as the mass flow rate is
increased from 0.06 kg/sec, the PMV drops down and at the 0.1 kg/sec mass flow rate
case, it is about -1.6. This means that with the increase in the mass flow rate, the thermal
comfort decreases as the average temperature o f the room drops and the occupant feels
cooler and cooler. Similarly, from Figure 28 it is clear that as the thermal sensation index
(Y) drops with the increase in the mass flow rate.
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Figure 27. Variation o f PMV with mass flow rate
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Figures 29-32 show the variation o f relative humidity, temperature, PMV and Y for a
non uniform mass flow rate condition. In this case, the mass flow rate in one diffuser is
kept constant (0.06 kg/s) while varying the mass flow rate o f the supply air in the other
diffuser from 0.03 kg/s - 0.1 kg/s.
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Figure 29. Variation o f relative humidity with mass flow rate
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Comparing the parametric study for the uniform (first case) and non-uniform mass
flow rate, it can be observed from Figures 29, 30, 31 and 32, that there is not much
variation in both the cases. The exception is that in the uniform mass flow rate case (first
case), there is considerable variation in the relative humidity, temperature and velocity
magnitude relatively for the small variation in mass flow rate o f the supply air. From the
variation in PMV for both the cases (first and second), it can be observed that the human
feels more comfortable with the uniform mass flow rate from both the diffusers which
can be observed from Figure 28.
Figure 33-36 shows velocity distribution for a constant and variable mass flow rate
case of 0.1 kg/sec and 0.03 kg/sec respectively. Figure 33 shows the velocity distribution
for a constant mass flow rate of 0.1 kg/sec. Due to the high mass flow rate, the main flow
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from the diffuser shoots up, then sweeps along the local space near the person’s back, up
to the head o f the occupant, and is bent to the right towards the computer. Upward flow is
observed above the computer due to the heat generated by the computer. Apart from the
main flow, there is circulation and distribution o f the flow in the remaining parts o f the
room due to convection. Figure 34 shows the velocity distribution for a constant mass
flow rate o f 0.03 kg/sec. It can be observed that unlike the case with mass flow rate o f 0.1
kg/sec, the diffusion dominates the upward movement o f the flow due to its low mass
flow rate. It can therefore be observed that the main flow doesn’t sweep behind the chair
but instead moves towards the wall due to diffusion. Close the chairs, there is a bend in
the flow, similar to the 0.1 kg/sec mass flow rate case, and an upward flow above the
computer is observed due to the heat generated by the computer.
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Figure 33. Velocity magnitude distribution for constant mass flow rate (0.1 kg/see)
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Figure 34. Velocity magnitude distribution for constant mass flow rate (0.03 kg/sec)

Figures 35 and 36 show the velocity distributions o f varying mass flow rate from the
diffusers. The flow and velocity distribution is much similar to that o f the constant mass
flow rate condition, except that the flow is displaced to the side with relatively low mass
flow rate. In Figure 35, the flow is displaced to the left o f the table because the high mass
flow rate from the right diffuser dominates the flow with low mass flow rate. Similarly,
from Figure 36 it can be observed that the flow is displaced to the right due to the high
mass flow rate o f 0.06 kg/sec delivered from the left diffuser.
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Figure 35. Velocity magnitude distribution for variable mass flow rate (0.1 kg/sec)
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Figure 36. Velocity magnitude distribution for variable mass flow rate (0.03 kg/sec)
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CHAPTER 4

NUMERICAL SIMULATION OF THERMAL COMFORT AND CONTAMINANT
REMOVAL EFFECTIVENESS OF UNDER FLOOR
AIR DISTRIBUTION SYSTEM
4.1 Introduction
This chapter deals with the thermal comfort analysis o f the BTLab at UNLV. Human
thermal comfort is the state o f mind that expresses satisfaction with the surrounding
environment, according to ASHRAE Standard 55. The ASHRAE standard describes
temperature and humidity ranges that are comfortable for 80% o f people engaged in
largely sedentary activities, and it assumes normal indoor clothing. Thermal comfort is
important both for one's well-being and for productivity. It is a lifetime experience.
According to the personal experience and the OSHA (Occupational Safety and Health
Administration), there are seven factors that affect thermal comfort. These are grouped
into two, environmental and individual factors. The air speed, air temperature and relative
humidity being the environmental factors while the activity, clothing and expectation
being the individual factors. Each o f these factors is important for the thermal comfort o f
the occupant. Thermal comfort can be achieved only when the air temperature, humidity

and air movement are within the specified range often referred to as the "comfort zone".
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According to the ASHRAE standards [34], uniformity o f temperatures is important to
comfort. The temperature differenee between the head and foot shouldn’t exeeed 1*^ C
forthe thermal eomfort o f the oeeupants. The diffusers should be spaeed to provide even
heating and cooling to the work areas. Recent evidence suggests that the perceived air
quality is worse when temperatures rise above 76

or 42.2

regardless o f the air

quality. Humidity is also a factor. Humans are very sensitive to humidity, as the skin
relies on the air to get rid o f moisture. Exeessively high or low relative humidity ean both
produce discomfort. In general, the range o f humidity levels recommended by different
organizations ranges from 30-60%. Elevated relative humidity reduees the body’s ability
to lose heat through perspiration and evaporation. As a result, individuals feel much
hotter than the actual temperature. On the other end, due to low relative humidity sweat
evaporates easily and ean cause discomfort due to drying o f the nose, throat, mueous
membrane and skin. Aecording to the standards, the higher the air speed over a person’s
body the greater the eooling effect. Air velocity that exceeds 40 feet per minute or 0.2032
meter per second, or cool temperatures combined with any air movement, may eause
discomfort.
The fundamental information eonceming the flow comprises air velocity, temperature,
relative humidity, and species concentrations. All these parameters have been studied for
assessing thermal comfort and indoor air quality. The eontaminant removal effectiveness
(CRE), predicted mean vote (PMV) and thermal sensation index (Y) are calculated. The
PMV and Y are compared with the ASHRAE thermal sensation scale.
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4.2 Thermal Comfort Analysis o f the UFAD System at BTLab, UNLV
BTLab stands for the building technology lab at UNLV. The UFAD system o f BTLab
includes eight swirl diffusers, sixteen heaters and four exhaust fans. The schematic
diagram o f the BTLab is shown in Figure 6. Research has been done earlier to predict
optimal locations o f the swirl diffuser in the test spaee and also analysis o f the various
spray angles of the diffuser has been performed [9]. From the velocity, temperature
profiles and the path lines, it was concluded that the flow strongly depends on the spray
angle and a spray angle o f 5.S'* is reasonably good and was suggested for future work.
The present research work was focused on the thermal comfort analysis and the
contaminant removal effectiveness o f the suggested model o f UFAD o f BTLab.
The simulation o f the whole UFAD system for the thermal eomfort analysis using
parallel computing technique was performed and 4 CPUs have been used. The simulation
results o f the UFAD system have been analyzed and compared with the ASHRAE
standards.
Domain extents o f the BTLab are as follows:
x-eoordinate: min (m) = 0.000000*10**, max (m) = 9.144000*10**
y-eoordinate: min (m) = -6.096000*10**, max (m) = 0.000000*10**
z-coordinate: min (m) = -1.100054*10'*, max (m) = 2.743200*10**
Volume statisties:
minimum volume (m^) = 9.243722*10'**
maximum volume (m^) = 7.424795*10'"*
total volume (m^) = 1.528113*10^

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Face area statistics:
minimum face area (m^) = 2.309093* 10'^
maximum face area (m^) = 1.765307*10'^
Boundary conditions:
Mass flow rate from each o f the 8 swirl diffusers is 0.016834 kg/s.
The supply air temperature is set at 291.3 K
The ambient air temperature is given as 300 K
The under floor is treated as adiabatic boundary conditions.
East wall temperature = 297.7 K
West wall temperature = 297.6 K
North wall temperature = 297.7 K
South wall temperature = 297.3 K
Ceiling temperature = 297.8 K
Contaminant flux is taken as 1*10'^ kg/m^ -s
The mass diffusivity o f water vapor and contaminant species are taken as
2.544*10'^ m^/s and 2.503*10'^ m^/s
To determine whether the flow is furbulent or laminar, the Reynolds number was
determined at the inlet o f the each diffuser. The Reynolds number was found to be greater
than 4000 (flow through pipes). The standard k-e model was used for the numerical study,
which is suitable for simulating indoor air flow. FLUENT® is based on finite volume
method; in this study a power law differencing scheme and segregated solver are chosen.
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The SIMPLE algorithm is used to resolve the coupling between pressure and velocity.
First order upwind scheme is used for momentum, turbulence kinetic energy, turbulence
dissipation rate and energy.
Figure 37 shows the velocity vector graph in the slice Y=-4.59 m. Since the slot of
the swirl diffuser is very small, high air velocity can be found near the slot, and the flow
pattern is very complicated. To analyze the velocity magnitude and temperature
distribution, these are given as a function o f x for different heights at the slice(Y=-4.59m)
and are plotted in Figures 38 and 39 respectively. As indicated in Figures 38 and 39, the
velocity magnitude is much higher around the swirl diffuser, while the temperature is
relatively lower. The velocity and temperature distribution is not uniform due to the
uneven positioning o f the diffusers and also due to the flux concentration at the walls.

2 m /s

X (m)

(a) Whole view

1 m /sec
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(b)Zoom view
Figure 37. Vector diagram at a selected slice (Y=-4.59 m)
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Figure 38. Velocity magnitude as a function o f x for different heights
at the slice (Y=-4.59 m)
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Figure 39. Temperature as a function o f x for different heights
at the slice (Y=-4.59 m)

Figure 40 shows the velocity distribution at a selected slice, Y=-4.59 m. The upward
flow is dominated by the forced convection due to the inlet velocity and hence the
velocity is high. Due to flux concentration at the walls, movement o f the air from the wall
to the surroundings is observed. Due to diffusion, the air in the room is well mixed and
hence the velocity gradually decreases.
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Figure 40. Velocity magnitude at a selected slice (Y=-4.59 m)
The clear zone is approximately 0.6m high and 0.8 m in diameter

From the previous publications [8] it is found that there exists a clear zone for the
swirl diffusers. The swirl diffusers are designed to provide rapid mixing with the room air
and thus minimize any high velocity air movement, except within clear zone. The clear
zone is approximately 1.2 m (4 ft) high and 0.6 m (2 ft) in diameter, directly above the
floor diffuser. Hence, one of the criteria to examine this model is based on if we can get
the clear zone in our model. Figure 40 shows the injection o f air flow from the swirl
diffuser is helical and the clear zone is easily identified. The clear zone is around 0.8 m in
diameter and 0.6 m in height, hence the present numerical model is reasonable.
Figure 41 shows the temperature distribution at a selected slice, Y—4.59 m. It can be
observed that due to forced convection due to the inlet flow, a zone with temperature as
low as inlet air temperature, is observed. The temperature gradually increases due to
diffusion from the wall flux concentration. Warmer air settles at the ceiling and the cool
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air drops down due to natural convection which can observed in the figure. Figure 42
shows the relative humidity distribution at slice, Y=-4.59m. Relative humidity is a
function o f absolute pressure, water vapor concentration, and temperature. Since the gage
pressure in the whole region was found very small compared to the atmospheric pressure
(at the order of 101 kPa), it does not affect the total absolute pressure significantly. The
water vapor concentration also does not change much, since the water vapor supply was
delivered at a small flux. Therefore, the relative humidity distribution is mostly
dependent on temperature distribution. Unlike the temperature distribution, it can be
clearly noticed here that the relative humidity follows a reverse trend as it is inversely
related to the temperature from Eq. 2.11 -2.13. Therefore, the relative humidity is high at
the inlet and decreases gradually along the height due to distribution and mixing o f the
fresh air in the room.
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Figure 41. Temperature at a selected slice (Y=-4.59 m)
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Figure 42. Relative humidity at a selected slice (Y=-4.59 m)

Figure 43 shows the species concentration at a selected slice, Y=-3.38 m. It can be
observed that the species concentration is high at the inlet o f the source. This is because
the contaminant enters the room from the contaminant sources located at the heaters.
Contaminant transport was driven by concentration gradient and by convection. Due to
the concentration gradient, spontaneous movement o f the particles takes place from the
high concentration region (close to the inlet) to the low concentration region, (above the
inlet) until the concentrations are equalized. This can be observed from the figure, where
the contaminant concentration gradually decreases and becomes uniform from the inlet
along the height o f the BTLab.
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Figure 43. Species concentration at a selected slice (Y=-3.38 m)

Vertical distribution of temperature, velocity, relative humidity and contaminant
concentration is analyzed to better study the response o f air distribution system to thermal
environment and contaminant concentration. Figure 44 shows the vertical distribution of
the average temperature along the height o f the BTLab. The average temperature
gradually increases along the height o f the room. Although the temperature is slightly
above the comfort range, it is acceptable as greater portion o f the room along the height
lies in the ASHRAE temperature comfort range (18-23 **C).
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Figure 44. Vertical distribution o f the temperature

Figure 45 shows the vertical distribution o f the average relative humidity. The
relative humidity gradually decreases along the height because it is inversely related to
temperature according to the formulae in Eq. 2.11-2.13. The average relative humidity
along the height o f the room lies within the comfort range (70%) o f the ASHRAE
standard for thermal comfort.
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Figure 45. Vertical distribution o f the relative humidity
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Figure 46 shows the vertical distribution o f average velocity. Initially, the velocity
increases this is due to the size o f the slot. Later it ean be seen that the velocity gradually
decreases along the height o f the room because o f the uniform distribution o f the air in
the room due to diffusion and natural convection.
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Figure 46. Vertical distribution o f the velocity

4.3 Thermal Sensation and CRE Analysis
The thermal sensation index (Y) is calculated by Eq. 2.18 and is -0.5.

Similarly,

predicted mean vote (PMV) is also calculated to be -0.8 from Eq. 2.14 - 2.17. Both Y and
PMV lie in the comfort zone (i.e., -1 to +1) on the ASHRAE thermal sensation scale.
The contaminant removal effectiveness (CRE). given by Eq. 2.19 is calculated to be
1.01716. The CRE is greater than 1 which means that the contaminant concentration at
the outlet is greater than that in the breathing zone. This is because the air from the
diffusers moves to the outlet with very little distribution in the room. Hence the greater
concentration o f contaminants is observed at the outlet than at the inlet.
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CHAPTER 5

NUMERICAL MODELING AND THERMAL COMFORT ANALYSIS OF UNDER
FLOOR AIR DISTRIBUTION SYSTEM WITH SWIRL
DIFFUSERS IN A LIVING ROOM
5.1 Introduction
This chapter presents the 3D simulation o f UFAD system with swirl diffusers in a
living room. The fluid flow and heat transfer with UFAD system in a real life living room
was simulated by use o f computational fluid dynamics (CFD) modeling. The intention of
this work was to show solutions provided by CFD in studying the configurations o f a
room ventilation set-up. This information will help HVAC practitioners, and ultimately
architects, to find the best distribution o f space early in the design phase. An important
goal of this study was to improve the analysis o f real-life environments. Thus, particular
emphasis was placed on the complexity o f the geometry where the three-dimensional
(3D) flow occurs.
Figure 47 shows the configuration and the schematic diagram o f a living room. The
3D living room set-up includes a set o f tables, chairs, sofas, cabinet and swirl diffusers on
the floor. Two o f the 3 diffusers are located behind the human and one in front o f the
human to ensure proper distribution o f air through out the room. The room is 8 m in
length, 5 m in width and 3 m in height.

The room and most o f the objects in the
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room were created with the pre-processor GAMBIT, version 2.2.30. Mannequins and
chairs were earefully construeted using the Solidwork and incorporated into the scene
developed with GAMBIT. Openings located in the ceiling are obviously ineluded as part
o f the model. Three swirl diffusers were set in different locations on the floor. The
equations that govern the total fluid flow are the eonservafion o f mass, conservation of
momentum and conservation o f energy. The species concentration is governed by the
conservation of mass o f water vapor and contaminant gas. The Reynolds number is
determined to be 35,169 and hence the flow is turbulent. The mathematical model that
has been employed for the simulation is the realizable k-e model. The realizable k-s
model produces more accurate results for boundary layer flows than the standard k-£
model [9]. The basic difference between the standard k-s model and realizable model
being the later one contains a new formulation for the turbulent viscosity and it also
provides a new transport equation for the dissipation rate, s. The segregated solver is used
and the discretization method that has been adopted is the FVM. In this method, the
conservation equations are applied to each control volume (CV) and the variable values
are calculated at the computational node which lies at the centroid o f the CV.

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 47. Schematic diagram o f the living room

Figure 48 shows the mesh system for the 3D model o f UFAD system in a living room.
To obtain the solution independent with mesh cells, 2,373,843 tetrahedral cells was used
to simulate the fluid flow and heat transfer in this living room. Comparing the dimension
o f the room, the spray slot of the swirl diffuser is much smaller. Hence, very fine mesh
was set around the swirl diffusers. Figure 49 shows the zoom view o f the mesh system.
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Figure 48. Mesh system o f the living room

Figure 49. Zoom view o f the mesh system o f the living room
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5.2 Thermal Comfort and Contaminant Removal Effectiveness Analysis
The UFAD system with swirl diffusers in a living room has been simulated by using
eomputational fluid dynamies (CFD) modeling while considering the thermal eomfort
and contaminant removal effectiveness (CRE). To perform the thermal comfort analysis
we need to study the relative humidity, veloeity, temperature distribution and speeies
concentration in the indoor environment. The CFD analysis has been done on this model.
According to the mesh independent study, a mesh system o f 2,373,843 eells was used for
the simulation.
The domain extents of this model are as follows X-eoordinate: min (m) = -1.800000* 10**, max (m) = 6.600000*10^
Y-coordinate: min (m) = -3.660000*10°, max (m) = 1.740000*10°
Z-coordinate: min (m) = -1.100000*10"', max (m) = 3.000000*10°
Volume statistics Minimum volume (m^) = 2.926123*10'"
Maximum volume (m^) = 4.609700*10“^
Total volume (m^) = 1.318978*10^
Faee area statistics Minimum face area (m^) = 1.390054*10'^
Maximum face area (m^) = 1.423257*10'^
Boundary conditions are
•

The mass flow rate for each swirl diffuser is 0.076 kg/s fresh air

•

The temperature o f supply air is 291 K

•

Temperature o f human body is 306 K
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The computer heat flux is 100 W/m^ and the water vapor loss on the human body is
assumed as 5* 10’’ kg/m ^-s. In this study, the contaminant gas as the evaporating cleaning
chemicals released from the rug o f the floor, being the source and the contaminant flux is
taken as 1*10'^ kg/m ^-s. The adiabatic boundary conditions are taken for the wall o f the
room. The mass diffusivity o f water vapor and contaminant species are taken as
2.544*10'^ m^/s and 2.503*10’^ m^/s respectively.
Figure 50 shows the vector diagram o f the fluid flow from the diffuser. Since the slot
o f the swirl diffuser is very small, high air velocity can be found near the slot and as the
flow is distributed evenly in the room, the velocity gradually decreases. This can be
clearly seen in the vector diagram. The downward movement of the air is observed along
the walls, due to the natural convection. Due to the upward movement o f the air from the
diffuser inlets and the downward movement o f air, circulation o f the flow is also
observed. Figure 51 shows the zoom view o f the flow pattern from the diffuser.
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Figure 50. Vector diagram o f the fluid flow at a selected slice, Y=0.604m
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reference vector:

5 m/s

Figure 51. Zoom view o f the vector diagram

Figure 52 shows the path lines released from swirl diffuser inlet. Here, the path lines
are colored by path line ID. It can be seen that the air flow injected from the swirl
diffuser is highly twisted and the helical flows are formed, and as the flow moves towards
the ceiling it gets uniformly distributed.
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1 76e+02 X

Figure 52. Path lines released from swirl diffuser

Figures 53-60 show the relative humidity, temperature, water vapor and species
concentration distribution respectively at a selected slice Y=0.79 m. Figure 53 shows the
relative humidity distribution in the living room at a slice near the diffuser. Along the
height o f the room at a selected slice, it can observed that the relatively humidity is high
close to the inlet o f the diffuser because o f the higher concentration o f the water vapor at
the inlet. Along the height the relative humidity gradually decreases due to circulation
and mixing up o f the air with the floor contaminants and the indoor air. The average
relative humidity o f the human model is 63% which is much below the comfort level
(70%), according to the ASHRAE standards for thermal comfort.
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Figure 53. Relative humidity distribution (%

Figure 54 shows the distribution o f temperature in the living room. From the
temperature distribution, it can be seen that the temperature in the living room is quite
uniform due to diffusion and the mixing effect o f the air flow due to the swirl diffusers.
Figure 55 shows the temperature distribution at a selected slice at the centre o f the human
model. It can be noticed that the temperature is high at the human, since the human model
is a heat source and the body temperature is high relative to the room temperature.
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Figure 54. Temperature distribution (K)
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Figure 55. Temperature at a selected slice at the centre of the human, Y=0.6366 m
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Figure 56 shows the velocity distribution in the room. At a selected slice it can be
observed that due to forced convection, the velocity upto a certain height is high due to
forced convection and then gradually decreases due to diffusion and also due to the swirl
diffusers which ensure proper distribution and mixing o f air. It can be observed that the
velocity is low in the room; hence thermal sensation index (Y) is calculated to assess the
thermal comfort o f the occupant. Y is calculated later and compared with the vertical
distribution o f the velocity.
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Figure 56. Velocity distribution (m/s)

Figure 57 shows the contaminant species distribution in the living room with
mannequin and the furniture. It can be observed from the figure that the contaminants
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have been released into the room from the floor. The contaminants are distributed evenly
on the floor and the contaminant concentration decreases along the height o f the room
and become uniform due to diffusion. According to diffusion, the spontaneous net
movement o f particles always takes place from an area o f high concentration to an area o f
low concentration. Following this phenomenon, the high contaminant concentrated air
gets mixed up with the fresh air in the room along the height until the concentration is
equalized i.e. the contaminants are equally distributed in the room. The vertical
distribution o f contaminant at a selected slice, Y=0.6366m is shown in Figure 58. Since
the contaminants are released from the floor, it can be observed that it is evenly
distributed except at the diffusers and the floor obstructions. The contaminant
concentration at the inlet is less due to the mixing up with the water vapor delivered from
the diffusers. On the other hand, higher contaminant concentration is observed under the
table, due to the stagnation region that has been created. Figure 59 shows the vertical
distribution o f average contaminant concentration in the room.

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4.150-03
3.948-03
3.748-03
3.53e-03
3 328-03
3.118-03
2.9 8-03
2 708-03
2.498-03
2.288-03
2.088-03
1 . 878-03

1.668-03
1.458-03
1.248-03
1.048-03
8.308-04
6 228-04
4.148-04
2.068-04
-1.278-06

Figure 57. Contaminant distribution (kg/kg air)
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Figure 58. Species concentration at a selected slice, Y=0.6366 m
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For a convenient view o f how the thermal environment and contaminant
concentration respond to an air distribution system, the vertical distributions o f velocity,
temperature,
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Figures 59-63.
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Figure 59. Vertical distribution o f species concentration

Figure 60 shows the variation o f temperature along the height o f the room. It is
known that the temperature difference between the head level (1.7 m) and the foot o f the
occupant should be within 1 °C, and the difference is less than 1 °C. For the comfort of
the occupant the temperature range should be between 1 8 - 2 3 °C, according to the
ASHRAE standards for the thermal comfort. It can be seen from the distribution that the
temperature range in the occupied zone is between 2 0 - 2 1 '’C, which is acceptable.
Therefore, the choice o f swirl diffusers location is good.
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Figure 60. Vertical distribution o f temperature

Figure 61 shows the vertical distribution o f relative humidity in the living room. It
can be observed that unlike the temperature, the variation of relative humidity is inversely
proportional. It can also be observed that there is not much variation in the relative
humidity in the occupied zone, which is comfortable for the occupant.
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Figure 61. Vertical distribution o f relative humidity
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Figure 62 shows the plot for the vertical distribution o f velocity. The average velocity
along the height o f the room is low, hence looking at the thermal sensation index (Y)
calculated from Eq. 2.18, the value is about -1 which corresponds to slightly cool in this
operating condition.
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Figure 62. Vertical Distribution o f average velocity

5.3 Thermal Sensation and CRE Analysis
The thermal sensation index (Y) is calculated to be -1 from Eq. 2.18.

Similarly,

predicted mean vote (PMV) is also calculated to be -1 from Eq. 2 .1 4 -2 .1 7 . Both Y and
PMV lie in the comfort zone (i.e., -1 to +1) on the ASHRAE thermal sensation scale. The
contaminant removal effectiveness (CRE) given by Eq. 2.19 is calculated to be 1.304.
The CRE is greater than 1 which implies that the concentration o f contaminant at the
outlet is greater than that in the breathing zone. This is because the air from the diffusers
moves to the outlet with very little distribution in the remaining part o f the room. Hence
the greater concentration o f contaminants is observed at the outlet than at the inlet.
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS
6.1 Conclusions
This research study was carried out to improve the analysis o f real-life environments.
The intention o f this work is to show solutions provided by CED in studying the thermal
comfort and contaminant removal effectiveness o f a room. This type o f information will
help HVAC practitioners, and ultimately architects, to find the best distribution o f space
early in the design phase. Using the CED package FLUENT®, the thermal environment
o f the UFAD system was investigated and the results were compared with the ASHRAE
standards for thermal comfort. The results obtained from CED analysis, gave details o f
the flow pattern and the flow characteristics o f the models that have been analyzed.
In the numerical study o f the 2D office cubicle setting, it can be concluded that the
flow characteristics and the thermal comfort factors are in the acceptable ranges o f the
ASHRAE standards. The thermal sensation index (Y) is calculated to be -0.38 which falls
in the comfort zone on the ASHRAE thermal sensation scale. From the parametric study,
it has been observed that the variation in the mass flow rate considerably affected the
thermal comfort and the ease with the uniform mass flow rate from both the diffusers is
more suggested based on the thermal comfort provided to the occupants. The CRE is
determined to be low. Hence all the contaminants are not removed from the room. From
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these results it can be concluded that this model provides reasonably good thermal
comfort to the occupants in the cubicle.
In the numerical study of the BTLab at UNLV, it can be concluded from the velocity
and temperature profiles that the flow inside the test space is well mixed. From the
thermal comfort analysis it has been observed that the contaminant removal effectiveness
o f the system is reasonably good and also the PMV and Y are calculated to be -0.8 and 0.5 which are in the acceptable ranges on the thermal sensation scale. The CRE is found
to be 1.0176 which is good to vent all the contaminants out o f the room. Finally, this
model can be considered to provide considerably good thermal comfort.
From the study of the UFAD system with swirl diffusers in a living room, it can be
observed that the flow is well mixed and distributed uniformly due to the swirl diffusers.
Due to the floor obstructions like the mannequin, sofa and tables, boundary layer flow
has been observed. From the thermal comfort analysis, it has been observed that the
occupied zone is free o f the contaminants. The thermal sensation factor, Y is calculated to
be -1, which corresponds to slightly cool in the operating zone. The CRE is found to be
1.304 which is good to vent all the contaminants out o f the room. Thus, this model is
good enough to provide thermal comfort to the occupants.

6.2 Future Work
•

This study has been compared with the ASHRAE standards. There is no experimental
data with which the study can be compared and benchmarked. Hence, experimental
study can be conducted for better analysis o f this study.
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•

The thermal comfort analysis o f the rooms with various contaminants can be
studied, which would give a better idea about their impact on the thermal comfort.

•

In the BTLab, a human model can be introduced and thermal comfort analysis can
be performed for this new model instead analyzing an empty room.

•

Influence of the various floor obstructions on the contaminant removal
effectiveness and thermal comfort can be studied.
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